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1. INTRODUCTION
Unbraced multi-story building frames which are
designed on a maximum strength basis are required to re-
sist the forces produced by two kinds of loads: (1) gravity
loads and (2) combined loads. Gravity loads consist of
the vertical dead and live loads which act through the
floor systems. Combined loads are gravity loads plus hori-
zontal wind loads (or equivalent horizontal loads arising
from earthquake motion). The design ultimate loads for
which unbraced frames are proportioned are obtained by
multiplying the working (service) loads by suitable load
factors. It has been suggested that load factors of 1.7
and 1.3 be used for the gravity load and combined load
. 1
cases, respectively.
It is characteristic of the design of "tall" un-
braced frames that the gravity loads will control the
se·lection of the beams and columns in a limited number
2
of stories at the top of the frame. The number of stor-
ies comprising this region is not definite and will depend
on many factors such as frame geometry, material properties,
load factors, and live load reduction factors. 3 The com-
bined loads will control the selection of the beams and
columns in the middle and lower stories of the frame. It
- 1 -
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is in this region that the vertical forces produced by
gravity loads playa dominant role in the behavior of
the frame under combined loads. Between the regions con-
trolled by gravity and combined loads there is a transi-
tion zone where both may control the selection of members
in anyone story.
The chief concern with the vertical forces is
the magnitude of the additional overturning moment .which
can be produced in the middle and lower stories of a
"tall" unbraced frame. As the frame sways under the
action of the combined loads, the total gravity loads,
P, above a story act through the story sway displacement,
b, of that story to produce an additional overturning
moment Pb. The effect of the Pb moment on the frame be-
havior is called the Pb effect. Because Pb moments re-
sult from vertical forces the total shear in a story is
unchanged. Consequently, for a given value of the com-
bined ultimate loads, the required lateral load capacity
of the frame will be a function not only of the plastic
strength of the frame members but also of the sidesway
stiffness of each story of the frame. The Pb effect
usually results in the maximum load capacity of the frame
being reached at instability rather than the formation of
a failure mechanism.
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Recent research at Lehigh University has made
available methods of analysis and design which will be
suitable for the middle and lower stories of "tall" un-
4 5braced frames.' This work has indicated that the fol-
lowing three-step design procedure is possible:
Step 1. Preliminary Design [Refs. 1 and 2J
Tentative beam and column sizes can be selected
using the plastic moment balancing method. This prelimi-
nary design method is ideally suited because it can in-
clude an approximate P~ effect. An initial sway deflec-
tion estimate is made and then the resulting P~ moments
are included when equilibrium is established. The initial
sway estimate can be made (guessed) on the basis of the
expected sway deflection either at the maximum load capac-
ity or at the formation of a collapse mechanism for each
story.
Step 2. Load-Deflection Analysis [Refs. 4 and 5J
Following the preliminary design of the frame,
a sway analysis can be performed to verify the initial
sway estimates. In addition the sway deflection can be
calculated at the level of the service loads to assure
compliance with maximum sway tolerances. The sway sub-
assemblage method of analysis has been developed specif-
ically for this purpose. It will give the complete
346.1
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load-deflection curve for each story in the middle and
lower regions of a tall unbraced frame.
Step 3. Revision
One or more of the members which were deter-
mined from the preliminary design may require revision
I
based on the results of the load-deflection analysis,
or on other factors such as economy. It is anticipated
that the sway subassemblage method may be extended to
assist with this portion of the overall design. Any
revision constitutes another preliminary design.
It is assumed in the sway subassemblage method
5
of analysis that, under the combined loads, inflection
points will occur at mid-height of each column in the
middle and lower stories of a "tall" unbraced frame. It
is further assumed that the loads are not proportional;
the factored gravity loads are applied first; the wind
loads are then applied, increasing monotonically from
zero to a maximum value. The axial forces in each column
are further assumed to be constant under the increasing
wind loads and are assumed to be distributed in a manner
consistant with the axial forces which exist at the maxi-
mum lateral load capacity of the frame as determined from
the preliminary design.
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For purpose of analysis it is assumed that a
one-story assemblage is isolated from the frame by pass-
ing horizontal cuts through the inflection points immed-
iately above and below a level of beams. The resulting
one-story assemblage can then be simplified consecutively
to a half-story assemblage and then to individual sway
5
subassemblages. Each swaysubassemblage consists of one
restrained column plus one or two adjacent restraining
beams. The load-deflection curve of each sway subassem-
blage is found using the procedures described in Refs. 4
•
and 5. The load-deflection curve of the one-story assem-
blage, and therefore of that story of the frame, is then
determined by combining the load-deflection curves of the
sway subassemblages. This curve is then used to determine
the working load sway deflection or drift of the 'story and
to verify the initial sway deflection estimates used in
the preliminary design.
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2. PROPOSED TEST PROGRAM
The sway subassemblage method of analysis is
based on the restrained column theory developed at Lehigh
University for restrained columns permitted to sway.6
This theory considered the effect of constant rotational
restraint stiffness at the top of the restrained column.
The sway subassemblage theory extended those concepts
for a particular restrained column configuration to in-
clude the effect of a variable restraint stiffness such
as might be provided by restraining beams in which plas-
tic hinges formed with increasing sway deflection.
The objective of the study proposed in this
report is to obtain an experimental evaluation of the
theoretically determined behavior of restrained columns
permitted to sway. Of particular interest is the lateral-
load versus sway-deflection behavior of restrained columns·
with variable restraint stiffness.
column tests are therefore proposed.
Three restrained
Each test frame con-
sists of one column plus one or two restraining beams, as
shown in Fig. 1. The restrained column (lower half of
each column in Fig. 1) in each test frame thus represents
a restrained column in either a windward, an interior, or
a leeward sway subassemblage.
- 6 -
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or less realistic geometry, restraint stiffnesses (non-
dimensiona1 5 ) and column slenderness ratios, the t~st
frames were assumed to be part of an unbraced frame with
l5-ft. bay widths and lO-ft. story heights. The design
procedure is described in Sectiqn 3 of this report.
In effect, the proposed restrained column tests
will also be tests of sway subassemblages with modified
boundary conditions or of sway subassemblages after ~
plastic hinge has formed at the far end of a restraining
beam. It will be possible to extrapolate the results of
these tests to predict the experimental behavior of these
test frames with other boundary conditions.
Fabrication of the test frames will be from
ASTM A36 rolled steel sections using standard welding
procedures. In conjunction with the restrained column
tests, control tests will be performed to determine ma-
terial properties, residual stress distributions, and
the plastic moment capacities of the rolled sections.
It should be emphasized that the experimental
program proposed in this report is concerned only with
the behavior of restrained columns permitted to sway.
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3. TEST FRAMES
3.1 Test Loads
The constant values of vertical loads which
are to be applied to the beams and columns of each test
frame are shown in Fig. 2. No attempt was made to deter-
mine the values of these loads from a set of probable
working loads, load factors and bent spacings for the
frame mentioned in Section 2. The vertical column loads
were computed so that a nearly constant axial load ratio,
PIP, of 0.70 would be maintained in each restrainedy
column. The vertical beam loads were determined so that
Therefore, for unsymmetrical sway subassem-
plastic hinges would occur in the restraining beams (at
the column face or under a load point) or at the top of
the restrained column, or both.
The sway subassemblage method of analysis assumes
that each sway subassemblage is in a non-swayed position
at Q = 0. 5
blages a horizontal force is assumed to be acting at the
top of the restrained column in order to maintain this
condition. It is further assumed that the value of this
force remains constant for all values of Q. In order to
fulfill these assumptions, a horizontal force of 6.75 kips
is required for test frames A and C.
shown in Fig. 2.
- 8 -
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3.2 Theoretical Load-Deflection Behavior
Figure 3 shows the theoretical load-deflection
(Q versus ~) behavior of the restrained column in each
test frame. The slenderness ratio (L/r) of all the res-
trained columns have been kept constant equal to 34.0.
These curves were based on an assumed yield stress level
of 36 ksi for the steel beams and columns. The analyti-
cal procedure used to determine each load-deflection curve
was that discussed in Refs. 4 and 5 with one exception.
The actual bending moments in each test frame correspond-
ing to Q = 0 were used instead of the bending moment dis-
tribution corresponding to fixed-end moments in the be~ms
as suggested in those references. The reason, as 'explained
earlier, is because the test frames are not really sway
subassemblages, as defined in Refs. 4 and 5, but are test
frames containing a restrained column.
3.2.1 Test Frame A
The initial restraining moment, M , is
r
M = 152.SeM
r pc ( 1)
where e is the beam to column joint rotation and M ispc
the reduced plastic moment capacity of the column corres-
ponding to PIP = 0.70.
Y
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The first plastic hinge occurs under a load
point as shown in Fig. 3. The theoretical maximum value
of lateral load, Q, is 3.06 kips and corresponds to the
attainment of a failure mechanism.
The deflection index (~/h) at the formation of
the first plastic hinge is 0.0133, which corresponds to
a horizontal joint displacement ~ of 0.80 inches.
3.2.2 Test Frame B
The initial restraining moment, M , is
r
= 305 e Mpc ( 2 )
After the formation of the first plastic hinge at the
leeward end of the windward restraining beam (Fig. 3)
the restraining moment is reduced to the value
M· = 152.5 e M
r2 pc ( 3 )
which corresponds to the initial restraining moment f~r
test Frames A and C.
The second plastic hinge occurs at the top of
the restrained column (Fig. 3) following failure by in-
stability at a maximum value of lateral load, Q, equal
to 4.35 kips.
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The deflection index (~/h) at the formation of
the first plastic hinge is 0.0053 which corresponds to
a horizontal joint displacement~~~ of 0.318 inches. The
deflection index, (~/h), and joint displacement~~~ at
Q is 0.012 and 0.72 inches respectively.
max.
3.2.3 Test Frame C
The initial restraining moment~ M ~ is
r
M = 152.5 e M
r pc
which is identical to that for test Frame A.
The first plastic hinge ocqurs at ~he face of
the c 0-1 umn .ass how n in Fig. 3. The theoretical maximum
value of lateral load~ Q~ is 2.46 kips and corresponds
to the attainment of a failure mechanism.
The deflection index (~/h) at the formation
of the first plastic hinge is 0.01~ which corresponds
to a horizontal joint displacement of 0.60 inches.
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4. TESTING PROCEDURE
4.1 Loading
The vertical beam and column loads and the
horizontal joint load (Frames A and C) will be applied
first and maintained throughout the duration of each
test.
During the first phase of each test, the hori-
zontal load Q will be incremented until Q is reached
max
and then allowed to decrease as unloading takes place
with increasing sway deflection of the test ,frame. At
the conclusion of this phase the lateral load, Q, will
be applied to the frame in a cyclic manner such that
Q is attained for values of sway deflection on either
max
side of the initially non-swayed position. It is anti-
cipated that at least two complete cycles could be ap-
plied to each test frame.
4.2 Test Equipment
The vertical beam loads will be placed approxi-
mately at the quarter points as shown in Fig. 2. The
loads will be applied through a spreader beam which is
attached at its mid-point to the tension jack of the
gravity load simulator. 7
- '12 -
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The vertical column loads will be applied to
the top of the column through a loading beam which is
attached to the tension jacks of four gravity load simu-
lators, two placed symmetrically on either side of the
frame.
The horizontal load of 6.75 kips ~o be applied
to Frames A and C will be developed with a hydraulic
tension jack attached to the joint.
A load maintaining system will be used to main-
tain all of the above loads at a constant value through-
out the duration of a test. All gravity load simulators
are attached to an independent and fixed loading frame.
The horizontal load Q will be applied through
a screw system so that positive control can be exercised
on the magnitudes of sidesway displacements. The magni-
tude of the horizontal load, Q, will be determined with
calibrated load cells.
Planar motion of the t~st frames under load
will be insured by means of lateral bracing perpendicular
7to the plane of the test frame. The braces will be
placed at the theoretical locations of potential plastic
hinges.
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The gravity load simulators, lateral braces,
independent loading frame, and tension jack are available.
Some hardware such as bearings and screw jacks will have
to be adapted or fabricated. Figure 4 shows a view of a
similar test setup and indicates the nature of the setup
and equipment for the proposed restrained column tests.
4.3 Instrumentation
In addition to monitoring the line pressures
to the various jacks by means of pressure gages, cali-
brated dynamometers (load cells) will be used to measure
the applied loads. The horizontal and vertical deflec-
tions of the structure will be read ~rom dial gages and
scales mounted on the test frame. The rotations at
critical sections throughout the test frame, and at the
7bearings will be measured by means of electrical and
mechanical devices. In addition electrical resistance
strain gages will be mounted at strategic positions on
the test frame. The measured strains will be used to
determine, the bending moment distribution throughout
the test frame.
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5. FUTURE TESTS
Following the completion of the experimental
program proposed in this report, the following investi-
gation should be carried out:
1. Restrained column tests at a lower axial
load ratio, PIP, of 0.3 or 0.4. Fory
comparative purposes the same column
section could be used, which would main-
tain the same slenderness ratio, L/r, of
34 for both programs.
2 . Tests of a one-story assemblage. The
experimental load-deflection behavior
would be compared with the theoretical
behavior as predicted by the sway sub-
assemblage theory and also with the pre-
dictions based on the results of the
proposed program and the program sug-
gested in (1) above.
3. Restrained column and one-story assemblage
tests where composite steel-concrete beams
are used.
- 15 -
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6. SUMMARY
It is proposed that three restrained column
tests be made using steel members with all-welded strong
axis framing. Under horizontal in plane loads as well
as constant vertical loads, the restrained columns would
be permitted to sway. As a result the relationship be-
tween lateral-load versus sidesway-deflection can be
studied experimentally. The experimentai behavior and
the restrained columns will be compared with the theore-
tical predictions of the sway subassemblage method of
1 . 4,5ana YSlS.
Additional tests of restrained columns under a
reduced axial load ratio and of one-story assemblages
are also proposed for a future test program. In addition
it is suggested that a future test program could include
restrained columns and one-story assemblages with com-
posite steel-concrete beams.
- 16 -
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Fig. 4 Frame Test Setup
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